The paper presents a computer code developed to simulate the operation of a low-temperature thermally driven desalination system, based on the HD process. The system is a closed air cycle unit and is based on a single-effect humidification/dehumidification technique: heated salt water is introduced into an humidifier to saturate the circulating air and then the water vapor separates in a condensation section, where fresh water production takes place. The modeling procedure allows to investigates the air and water thermodynamic properties across each component. The computer code is able to optimize the heat exchanger surfaces and the air and water mass flow rates, depending on the sea water and the heat source temperature levels. The code was used to analyze an HD desalination unit with fresh water production of about 200 liters per hour, for two different configurations: a direct solar driven scheme, where the salt water entering the HD unit is heated by a solar collector field, and an integrated cooling-desalination system driven by solar energy, where the solar collected heat is used to drive a LiBr absorption machine and then the low-temperature heat rejected by the chiller is exploited to drive the HD process. The simulation code has been integrated into the Trnsys environment to perform a transient simulation of the whole systems. The annual simulations have been carried out on an hourly basis for typical climatic conditions of Abu Dhabi (UAE).
Introduction
Many countries in the world suffer from a shortage of natural fresh water. Increasing amounts of drinking water will be required in the future as a result of the rise in population rates and enhanced living standards, together with the expansion of industrial and agricultural activities. Available fresh water resources from rivers and groundwater are currently limited and are being increasingly depleted at an alarming rate in many places [1] . The oceans represent the Earth's major water reservoir. About 97% of the Earth's water is seawater while another 2% is locked in icecaps and glaciers. Available fresh water accounts for less than 0.5% of the Earth's total water supply. Vast reserves of fresh water underlie the Earth's surface, but much of it is too deep to access in an economically suitable way. Additionally, seawater is unsuitable for human consumption and for industrial and agricultural uses. By removing salt from the virtually unlimited supply of seawater, desalination has emerged as an important source of drinking water. Desalination is being used in about 150 countries worldwide, meeting the water needs of an estimated 300 million people. Desalination plants around the world amount 16,000 units with a total production of 77.4 million cubic meters per day. Most of the production comes from three Seas (45% Arabian Gulf, 17% Mediterranean Sea, 14% Red Sea) [2] . Commercially, the two most important technologies are based on the MSF and RO processes. Nevertheless a growing interest is taking place on those processes which make use of low grade thermal energy, like MED, solar distillation, HD desalination, NVD and membrane distillation.
Nomenclature
Water desalination by air humidification and dehumidification has been the subject of many investigations. Different experimental data are available for using HD at the pilot or industrial scale. Most researchers [2] [3] [4] [5] [6] [7] have performed the humidification/dehumidification desalination process in two separate columns. Al-Hallaj et al. [6] investigated a solar desalination unit exploiting HD process. In their unit the circulated air by natural or forced convection was heated and humidified by the hot water obtained either from a flat plate solar collector or from an electrical heater. The latent heat of condensation was recovered in the condenser to preheat the saline feed water.
To reduce the capital cost of humidification installation, especially the solar collectors, other energy sources can be used. Bourouni et al. [8] developed a new HD process using geothermal energy. A new desalination process based on a combination of the principles of HD and mechanical vapor compression was developed by Vlachogiannis et al. [9] . This process combines the principles of intensive evaporation, vapor compression and heat pump. Air is injected in the evaporation chamber through a porous bottom wall and is dispersed as small diameter bubbles. The emerging saturated stream is compressed by a blower to a slightly higher pressure and is directed to the adjacent condensation chamber. Because of the increased pressure, water condensation occurs at a slightly higher temperature than evaporation, and the latent heat is transferred back to the evaporation chamber through the thermally conducting sidewall. Chafik [10] presented the development of a process using the solar energy to heat airflow up to a temperature between 50 and 80°C. The moderate solar heated air is humidified by injecting seawater into the air stream. Later on, the desalted water is extracted from the humid air by cooling it. Using air as a heat carrier and keeping the maximum operating temperature in the process lower than 80°C enables the use of cost effective polymers as construction material.
Among solar desalinating systems, the humidification/dehumidification process is the most common process [11, 12] because of a series of advantages: 1) MED and NVD processes need a working pressure lower than atmospheric, while in HD distillation is possible to keep the atmospheric pressure, ensuring greater reliability and durability; 2) MD technique is really promising, but it is difficult to obtain membranes at reasonable prices with hydrophobic property, high porosity for the vapor phase, high resistance and low moisture adsorptivity; 3) HD distillation produce desalinated water at higher rates than those usually obtained from solar stills under similar solar radiation; 4) HD distillation avoids the direct contact between the collector and the saline water, which may cause corrosion and scaling in the solar still.
Solar cooling is a promising technology with a great potential depletion especially in tropical and equatorial countries with a high solar radiation. This technology allows a reduction of electricity consumption for building air conditioning, as cooling demand typically matches solar energy availability. Solar cooling systems are usually based on LiBr absorption chillers driven by hot water at 80-95°C provided by solar collectors. A drawback of this technology is the need of large heat rejection devices like air coolers or cooling towers: single-stage machines with a COP of about 0.7 must reject about 2.5 kW for each kW of cooling output. Heat rejected by absorption chillers can be re-used to drive low temperature desalinators. By this way, a combined production of chilling energy and fresh water is achieved. This solution appears very attractive for applications in coastal areas with high solar irradiation and particularly for islands with scarcity of drinking water sources and need of refrigeration.
The concept of coupling a low temperature desalinating system with a refrigeration unit powered by solar energy is essentially unexplored. Gude and Nirmalakhandan [13] reported on a combined cooling and freshwater production system assisted by solar energy. That paper is mainly focused on simulation of a passive vacuum distiller driven by 55°C water flow from a storage tank. No studies at authors knowledge have been carried out on integration and modeling of the whole system. In a previous paper [14] the authors explored the technical feasibility and the performance of a novel cogeneration system producing chilling energy and fresh water, powered by solar energy, based on absorption chillers and HD desalination units. In the present work the integrated coolingdesalination system is compared with separated solar cooling and solar HD desalination systems.
System description

HD desalination technique
The HD process is based on the fact that air can be mixed with important quantities of vapor. When an airflow is in contact with salt water, air extracts a certain quantity of vapor at the expense of sensitive heat of salt water. On the other hand, distilled water is recovered by maintaining humid air at contact with cooling surfaces, causing the condensation of a part of vapor mixed with air. Generally the condensation occurs in another exchanger heat where salt water is preheated by latent heat recovery. An external heat contribution is necessary to drive the system.
The basic cycle consists of heat source, air humidifier and dehumidifier (Fig. 1a) . A humidifier is used to saturate circulating air. In the condenser/dehumidifier the hot humid air goes in contact with the cooled surfaces which make happen the condensation of water vapor and a production of fresh water takes place. The condensation heat is used to preheat the sea water.
The HD desalination technique typically operates at ambient pressure with heated sea water temperature included in the range between 70°C and 95°C. The challenge of the present work is to assure an efficient operation of the desalination system at lower temperatures in the range 40-45°C. Air circulation is forced by a fan.
Solar cooling and HD desalination
The solar driven fresh water/cooling cogeneration system is structured as shown in Fig. 1b (CONF A) . A field of evacuated tube solar collectors feeds a single stage LiBr absorption chiller. An hot storage is interposed to smooth hot water temperature variations, related to solar radiation changes. The heat rejected from the chiller is recovered as heat source for the desalinator. In such a way a cogeneration system takes place: the first output is the chilling energy produced by the absorption chiller, the second one is the distilled water. Figure 1b shows also the alternative configuration (CONF B) investigated in the present study: a fraction of the solar collector field is devoted to drive the absorption chiller and another fraction directly feeds the HD desalinator. In the solar driven HD unit, a counterflow heat exchanger separates the solar loop and the desalinator heating circuit. For both configurations the absorption chiller is assumed to be cooled by sea water: this required a special design of the cooling circuits in order to avoid corrosion. Table 1 shows the main parameters of the two investigated configurations. Collector aperture area and outlet temperature, tank volume, nominal chiller capacity, sea water (L) and air (G) flow rates for CONF A have been chosen in accordance with previous investigations. Parameters related CONF B were selected in order to exploit the same solar input and to obtain similar chilling energy and fresh water production. a b Fig. 1 . a) Schematic of a single effect HD desalination unit; b) system configuration: integrated cooling-desalination system (CONF A) and separated solar cooling and desalination system (CONF B). 
System modeling
To simulate the investigated solar driven systems, a computer code has been developed in Trnsys environment. The HD desalination unit and the absorption chiller "Types" call external in-house made codes based on physical models and implemented in Matlab. Solar collectors are evacuated tube type, with intercept efficiency, first and second order loss coefficients respectively equal to 0.718, 0.974 W/(m 2 K) and 0.005 W/(m 2 K 2 ). Slope was set to 28°, whilst azimuth angle was assumed to be 0°. A variable speed pump keeps the collector outlet at the specified condition by varying the flow rate. The plants are assumed to operate only when solar radiation on collector surface exceeds 100 W/m 2 . The thermal storage is modeled with a Trnsys standard Type. To take into account the thermal stratification, the storage is divided in 6 fully mixed segments. The losses from the tank to the environment are calculated with an overall heat transfer coefficient equal to 0.7 W/(m 2 K).
HD desalinator modeling
The HD unit investigated in the present study is based on a closed air cycle, where air is circulated between the humidification and condensation section. Attention was paid at the humidifier model, where the wetting capability must be preserved and a mass transfer coefficient has to be determined. The mass transfer coefficient k is an indicator of the humidification rate; a mean value of this parameter for the whole humidification column is related to the inlet and outlet conditions as indicated in the following balance equation:
where V is the volume, a the surface per unit volume of the humidification column and H entalphies. The humidifier geometry has been derived from the concept presented by Nawayseh et al. [15] . The local wetting capability of internal surfaces has not been evaluated through a detailed model of this component, as it is outside the aim of the present work, and a fixed value of the mass transfer coefficient k = 0.021 kg/(m 2 s) has been used, in agreement with experimental data in the open literature [16] . The packing surface area of the humidifier has been set equal to 300 m 2 , that is the largest value assuring that kaV/L remains in an acceptable range (0.96 -4.2), when the sea water flow rate is varied from 1.5 to 6.5 kg/s.
For the calculation of the heat transfer coefficient (h) in the condenser, the Dittus-Boelter relationship has been used for the water side: 
The following correlation [17] was used for the air side: 
where F is the area ratio between air side and water side and d is the external diameter of heat exchanger tubes. The desalinator cross section was assumed to be uniform with a squared area of 1.0 x 1.0 m. Previous investigations showed that the integrated solar cooling and desalination system performance is mainly affected by the salt water flow rate L, the condenser surface and the sea water to air mass flow rate ratio L/G. The optimal values were found to be L = 3 kg/s, L/G = 1 and 1500 m 2 condenser area [14] . Such parameters were used also for the present work both for CONF A and CONF B. The geometrical data for the two main components are summarized in Tab. 2. Figure 2 shows model predictions of fresh water production depending on sea water temperature and thermal input. A low sea water temperature improves the fresh water condensation, whilst an higher thermal input allows to increase the air humidification: when sea water temperature rises, an increased heat is needed to produce the same amount of fresh water. It can be seen that sea water temperature is the key parameter of the process, as it influences in a relevant way the fresh water production. A water temperature growth of only few degrees requires a huge thermal power increase to produce the same amount of fresh water.
Absorption chiller modeling
In order to predict the chiller behavior all over the wide range of possible operating conditions occurring in this study, a simulation code has been used [18] capable to solve the thermodynamic cycle of LiBr absorption machine. Once the surface geometries have been set together with the main input data (temperature levels of inlet hot water, chilled water and cooling water), it provides working fluid conditions, i.e. pressure, temperature, concentration of LiBr-water mixture and flow rates, at inlet and outlet of all the chiller components. The main assumptions of the model are: steady state conditions and fixed mass flow rates of external flows.
The chilled water entering the evaporator was assumed to be at 16°C. This temperature level was selected as it is suitable for air conditioning by chilled ceiling systems and allows the chiller to operate with acceptable efficiency also when the cooling water temperature rises beyond 40°C. Figure 3 shows the computed performance of the absorption chiller (cooling capacity in Fig. 3a , COP in Fig. 3b ) vs. inlet cooling water temperature for different heating water temperatures. It can be noticed that both cooling capacity and chiller efficiency undergo a strong decrease when inlet cooling water temperature increases. As an indirect result, there is a positive effect on the seawater temperature at desalinator inlet that can increase even up 50°C when the integrated cooling-desalination system is considered.
Simulation results
The investigated systems are supposed to be located in the Arabian Gulf area (Abu Dhabi, UAE, 24°28′35′′N, 54°22′12′′E). 
Daily simulation results
Simulations for both configurations have been carried out on hourly basis for a period of one year. In the present section the results related to a 72-hour period in summer are shown. Figure 4a reports the trend of the sea water temperature at the condenser inlet (T 1 ), at the condenser outlet (T 2 ) and at the humidifier inlet (T 3 ) for CONF A.
T 1 variation is related to the sea heating due to the solar radiation. T 2 is affected by the condensation process within the HD unit. T 3 depends on the chiller rejected heat. In Fig. 4b the trend of fresh water production D is reported together with solar collected power (Q coll ) and the chiller output (Q ch ). The desalinator productivity appears higher in the early hours (about 200 l/h) when sea water temperature is low, in agreement with curves reported in Fig. 2 . Also the absorption chiller exhibits an higher efficiency in the early hours: in fact, it has to be reminded that the cooling water temperature entering the chiller is T 2 and the LiBr machine suffers when such temperature rises. It can be seen that the effective chiller capacity is about 20-25 kW under the current conditions, whilst the nominal capacity is 50 kW.
Moving to the CONF B, where solar cooling plant and solar driven HD unit are separated, the sea water temperatures within the desalinator are shown in Fig. 5a . Due to the set-point collector temperature of 45°C (see Tab. 1), the temperature T 3 remains lower than CONF A case. Because of the collector area limited to 50 m 2 , the solar input is lower than 30 kW (Fig. 5b) and the fresh water productivity in CONF B ranges from 60 to 140 liters per hour in the selected days. Although the solar input is lower (about 75 kW vs. 100 kW), the absorption chiller production is higher (see Fig. 6a ), despite of the lower nominal capacity (30 kW vs. 50 kW). This is due to the heat rejection taking places at a lower temperature, by directly using sea water. During the morning, the cooling production tends to decrease because of the sea water heating, nevertheless in the late morning the increased solar collected heat compensates for the less favorable heat rejection. a b 
Annual simulation results
Looking at the annual simulation results, an overall evaluation of the investigated systems can be carried out. Figure 6b shows the average daily cooling and fresh water production by month. CONF A exhibits a better fresh water productivity, because of the higher amount of heat input entering the HD desalinator, corresponding to the heat rejected by the absorption chiller. Nevertheless, the chilling energy is lower, in spite of the higher nominal chiller capacity. In CONF B the direct heat rejection into the sea water is beneficial for chiller capacity and COP. Despite of the major amount of available solar radiation, in the summer months both cooling and fresh water productions decrease because of the warmer sea water.
Tab. 3 reports the annual yields of the two investigated configurations. The integral annual results confirm the previous considerations. The integrated solar cooling-desalination system (CONF A) allows for a higher fresh water production (+22.3%) but the chilling energy is significantly lower (-31.9%). Looking at the solar incident and solar collected energy, CONF B exhibits a higher efficiency (E coll to E rad ratio) in the solar energy collection (57.7% vs. 53.9%) thanks to the lower set-point collector temperature in the solar driven HD desalinator.
Sensitivity analysis
In order to investigate the effect of the set-point collector temperature on the system performance, a sensitivity analysis has been carried out, performing the annual simulations for different outlet collector temperature. In Fig. 7a the annual fresh water production (D) and the related specific energy (E sp ) are shown for outlet collector temperature varying from 45°C (reference case) up to 85°C for the solar driven HD unit (CONF B). The distilled water thermal specific energy indicates the required heat input per fresh water unit mass (E sp = Q heat /D). It can be noticed that increasing the temperature of the heat source has a beneficial effect on the HD desalinator (E sp decreases), but the collector efficiency drops and the global effect is detrimental: in fact, fresh water production goes down. Looking at the influence of the collector set-point on the solar driven absorption chiller, Fig. 7b shows that moving from 80 up to 100°C the global effect is always positive both in terms of chilling energy and COP, but the improvement becomes ever more marginal.
A similar sensitivity analysis has been carried out for the integrated solar cooling and desalination system (CONF A). The results are shown in Fig. 8 : increasing the set-point collector temperature positively affects both the fresh water and the chilling energy production, in agreement with previous investigations carried out by the authors [19] . 
Conclusions
A solar driven HD desalination system has been investigated in the present study. Two different configurations have been compared: an integrated solar cooling and desalination system and separated solar cooling and solar desalination units. A computer code has been developed to carefully model the desalinator and the LiBr absorption chiller and to carry out annual simulations on hourly basis.
Daily and annual results showed that system performance is strongly affected by the sea water temperature. Warmer is salt water, lower is the fresh water productivity. Also absorption chiller performance is negatively affected by increasing sea water temperature. The integrated solar cooling and desalination configuration allows for a higher fresh water production, whilst the absorption chiller efficiency is worse because of higher cooling water temperatures. The sensitivity analysis showed that chilling capacity rises by increasing the set-point collector temperature for both the configurations. Fresh water production, on the contrary, increases only in the integrated system thanks to the augmented heat rejected by the chiller; in the solar driven HD unit the reduction of the required specific energy is offset by the collector efficiency drop.
